ABSTRACT A survey of the circumstellar (CS) envelopes of cool giants and supergiants shows no correlation between the quantities of CS gas and dust indicating that radiation pressure on dust grains is not the principal mechanism of mass loss. The observed quantity of dust is not sufficient to drive the observed mass loss. Stars with high dust-to-gas ratios were also seen to show a high proportion of neutral to ionized gas and a lack of Ca n H and K emission, and in many cases, Balmer emission, and/or molecular masing. We argue that shock waves may be linked to dust formation. Mass loss rates were derived for the program stars and found to correlate with K4 absorption width, indicating that the mass loss mechanism may be coupled to turbulence.
I. INTRODUCTION
Mass loss from M stars was first noted in 1935 by Adams and MacCormack (1935) , who observed violetdisplaced absorption cores in strong low excitation potential lines in the spectrum of a Orionis. Deutsch (1956) was able to prove that the expanding matter observed was actually lost to the system through observations of the binary system a Herculis. The observed absorption lines due to the expanding circumstellar (CS) envelope of the M primary were superposed on the spectrum of the G star companion, and such lines are not observed in other G star spectra. In addition, the companion itself is a spectroscopic binary, and the radial velocities of the CS lines do not share the variations present in the normal G star lines due to orbital motion. Detailed analyses of CS gas based on studies of line profiles have since been presented by Weymann (1962) , Sanner (1976) , Bernat (1977 Bernat ( , 1981 , and Hagen (1978) .
Mass loss is also observed in the Ca n H and K 1 Visiting Astronomer, Kitt Peak National Observatory, operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation.
2 Visiting Astronomer, Cerro Tololo Inter-American Observatory, operated by the Association of Universities for Research in Astronomy, Inc., under contract with the National Science Foundation. 3 On leave from the Joint Institute for Laboratory Astrophysics, Boulder, Colorado. lines in M giants and supergiants (cf. Reimers 1977; Boesgaard and Hagen 1979) . The normal K3 4 central absorption feature is replaced by a deeper K4 feature, which is generally blueshifted with respect to line center. These H and K features can be used to establish the existence of mass loss from stars whose CS envelopes are not sufficiently extensive to be observable in the weaker lines. Unfortunately, the great strength of the transition gives rise to such large optical depths that observations of the H and K profiles cannot easily be used to determine column densities nor mass loss rates for the stars. Reimers (1977) has studied the regions of the H-R diagram for which mass loss is observed in the H and K lines, and Boesgaard and Hagen (1979) have used observations of the K4 features to study velocity gradients and turbulence in CS envelopes of M III stars. However, it should be noted that chromospheric modeling for supergiants has predicted broad, deep central K3 absorption features in the Ca n H and K lines without the need for CS absorption, and thus it is possible that K4 features unseparable from K3 features may actually not be useful CS diagnostics (Basri, Linsky, and Eriksson 1981) . However, the presence of CS components in lines of less abundant ions than Ca n would in itself predict very strong CS K4 absorption, and throughout this paper we will continue to refer to the strong broad central absorptions observed as K4 features.
The extended envelopes of M giants and supergiants are also detected in the infrared. Dust grains surrounding the star radiate in the infrared, and an infrared excess is observed for the star. Oxygen-rich stars show an emission feature at 10 /an which is attributable to silicate grains, and carbon stars show a much smoother spectrum, with a less prominent emission feature due to SiC at 11.5 fim (cf. Merrill and Stein 1976) . Observations of CS dust have been used to estimate the amount of CS material by Gehrz and Woolf (1971) , Dyck and Simon (1975) , and Hagen (1978) .
High-resolution spectroscopy in the infrared has also been used to study circumstellar CO in the fundamental 4.6 fim band (Bernat et al. 1979; Bernat 1981) . Multiple absorption components were seen and attributed to separate episodes of mass ejection.
The mechanism of mass loss is not yet understood. Some authors favor radiation pressure on the dust grains, which are then able to drag the gas along with them (cf. Kwok 1975; Menietti and Fix 1978; Deguchi 1980 ). An analogy of the solar wind may be driving the mass loss. Thermal expansion of the outer atmosphere takes place after a mechanical energy deposition has heated the gas (cf. Fusi Pecci and Renzini 1975; Mullan 1978) . Hartmann and MacGregor (1980, 1982) have proposed an Alfvén-wave heated model which gives a chromospheric temperature profile that rises close to the star and then falls toward CS levels. Mullan (1982) argues for continually emerging, discrete magnetic "bubbles" which shock heat the outer atmosphere to chromospheric temperatures and drive the mass loss. The magnetic fields rise in such stars because they cannot establish equilibria possible in the higher-pressure solar case. In the case of the Mira variables, shock waves appear to be able to drive the mass loss Wood 1979) . For a review of proposed mechanisms for mass loss, see Castor (1981) .
Previous work comparing the relative amounts of CS gas and dust in a smaller sample of stars by Hagen (1978) showed no gas-to-dust correlation. If the mechanism of mass loss were indeed radiation pressure on dust grains, one should expect to see that the dustiest stars should also show the greatest amount of CS gas, but this was not observed to be the case.
Chromospheric features may also provide some clues regarding the relation between outer atmospheric structure and mass loss, grain formation and masing. The Ca n emission core profile asymmetry shifts to an outflow signature among K and M giants when the CS features begin to appear (Stencel 1978a) . Weak, luminosity sensitive features superposed on the broad absorption wings of the Ca n H and K lines also become pronounced. Additional evidence suggests that red giants and supergiants are surrounded by chromospheres (partially ionized hydrogen regions) of several 287 stellar radii in thickness . These possess magnetically dominated, turbulent velocity fields. Either of the magnetically-driven mass loss mechanisms previously mentioned can produce extended chromospheres. Such atmospheric structure could provide both warm, high-excitation and cold, dust-forming regions.
This paper presents the results of a study of CS gas and dust in a larger sample than that of Hagen (1978) . If the gas-to-dust ratio varies considerably from star to star, does this variation correlate with any other observable properties of the stars, such as the appearance of chromospheric diagnostics like the Ca n H and K profiles, the presence of Ca n wing emission lines, or other extended CS envelope diagnostics such as the presence of microwave maser emission?
II. OBSERVATIONS
The northern stars were observed at Kitt Peak National Observatory in 1978 October. Spectroscopic observations were made with the Mayall 4 m telescope with the long-focus blue camera and the echelle spectrograph. The dispersion was 2.5 Â mm -1 , and the resolution ranged from 75 to 110 mÂ, depending on the slit width used. Southern stars were observed with the 4 m telescope and the echelle spectrograph at Cerro Tololo Inter-American Observatory. One coudé plate of L 2 Pup obtained at CTIO was also included. In 1978 September, the Singer camera was used, with a dispersion of 5.1 Â mm -1 and a resolution of 300 mÂ. In 1979 April, the long-focus blue camera was used, with a dispersion of 2.5 Â mm -1 and a resolution range from 75 to 187 mÂ. All spectra were taken with IIIa-J or Ila-O plates baked in forming gas. All plates were calibrated with a spot sensitometer and traced on the Mann microphotometer at the Harvard-Smithsonian Center for Astrophysics. An echellogram of VV Cep during totality obtained at 1.4 Â mm -1 (resolution ~0.15 Â) at the SAO Mount Hopkins Observatory by Dr. F. H. Chaffee was also used.
The infrared observations of the southern stars were made with the CTIO 60 inch (1.52 m) telescope and a gallium-doped germanium bolometer. All stars were observed with broad-band 3.5 and 10 /m filters, and the silicate emission feature was observed with a series of six intermediate bandwidth (1-2 ¡um) filters. The infrared photometric errors are typically 5% for the brighter stars. At KPNO the infrared photometry was done with a Si:As photoconductor detector on the 50 inch (1.27 m) telescope. The 8-13 /mi region was observed with a circular variable filter at a resolution of 0.14 /mi (but sampled at intervals of 0.3 /mi). Broad-band magnitudes at 3.5 /mi were also obtained for most stars.
Observations of /¿ Cep, a Ori, a Her, a Sco, HD 207076, RX Boo, X Her, R Leo, and W Hya made previously by Hagen (1978) and infrared observations of VV Cep made at Mauna Kea Observatory were also included in this project in order to extend the sample size. HAGEN, STENGEL, AND DICKINSON
III. RESULTS
a) The H and K Lines All stars observed showed the deep CS K4 component. All of luminosity class III except EU Del (M6 III), W Cyg (M5 Illae), R Dor (M8 III), L 2 Pup (M5 Hie), and HD 207076 (M6 III) showed nearly identical Ca n H and K profiles, with a relatively narrow K4 absorption whose blueshift with respect to line center left the long-wavelength emission peak stronger. The H and K profiles of the latest giants and most of the supergiants showed much broader K4 absorption, and reduced or no emission. Those which did show emission had the two peaks of nearly the same intensity or the short-wavelength component stronger. Representative profiles are shown in Figure 1 . Emission intensity was estimated on a scale of 0 (no emission seen) to 3 (emission intensity roughly equal to the continuum level outside the H and K wings 5 ), and the width of the K4 feature was measured off the tracings. These values appear in Table 1 . 5 Due to the uneven intensity across the echelle orders, the estimation of the continuum level was difficult. The region of the spectrum midway between the H and K lines was assumed to be out of the wings. However, the conclusions of this paper are unaffected by this problem, as only the presence or absence of emission proved to be important, not its strength.
The profile seen for R Lyr is typical of that seen for giants M6 III or earlier, with the long-wavelength emission peak stronger. The profiles seen for HD 95950 (roughly equal intensity for the two peaks or short-wavelength peak shorter) and AH Sco (no Ca n emission seen) are typical of supergiants and giants M6 III or later. The wing emission lines at 43936 and 43938 are marked.
The Mira variables showed a variety of profiles, some with extremely strong emission presumably due to shock waves in the stellar atmosphere, rather than a chromospheric temperature rise. A single blueshifted feature was seen, rather than the self-reversed chromospheric emission seen in less variable giants. As the Miras were not all observed at the same phase, they do not provide a uniform sample for comparison of the H and K profiles. b) Circumstellar Gas The analysis of optical observations of CS gas is hampered by the fact that the metals in the CS gas exterior to a warmer chromosphere are nearly completely singly ionized, but the majority of observable resonance lines arise from neutral metals, which represent only a trace ionization state. The ionization balance within the CS envelopes is very poorly determined (see Bernat 1977; Hagen 1978) and use of the lines of neutral metals to estimate total column densities would require ionization corrections which would be both very large and very uncertain. Consequently the line of Sr n at 4077 Â has been used for the estimation of the total amount of CS gas, as this line arises from the dominant stage of ionization in the envelope. The total column density of all elements was derived assuming the cosmic abundance of Sr. However, it should be noted that there is a possibility that the abundance of strontium may not be normal in these evolved stars, which would affect the derivation of the total column density from the Sr line. This point will be discussed further below.
The expanding CS envelope will give rise to a P Cygni profile which is seen superposed on the strong photospheric line, giving rise to an asymmetric line profile. The column density of Sr n was derived from the degree of asymmetry in the observed line profile following Hagen (1978) . The observed asymmetry was compared to theoretical line profiles computed with the Kunasz-Hummer code for the calculation of line profiles formed in an expanding, extended atmosphere. Due to the difficulty of measuring radial velocities on the echelle plates with their curved orders, shell expansion velocity was assumed to be 10 km s -1 in all cases. Should the expansion velocity be less than this value, the CS column densities will be underestimated, and vice versa. Column densities would be underestimated by about 30 % for a true expansion velocity of 7 km s _1 . However, in the determination of the mass loss rate from the column density, the velocity enters to the first power. Using the 10 km s -1 value instead of a true velocity of 7 km s -1 would be 43% too high; fortunately, in the calculation of the mass loss rate from CS gas observations, these two errors will tend to cancel.
No star with a Ca n K profile typical of the early giants (stronger long-wavelength emission with narrow central absorption) showed detectable CS Sr n, with the exception of oc Her and VV Cep. These two stars are supergiants and show among the widest K4 (Goldberg et al 1975) and in CO for several M supergiants (Bernat 1981) was seen for any of the program stars. However, thus far line doubling has only been observed in CO, Na i, and K i, and none of these species were observed in this project.
Asymmetries in the sense expected for mass loss were seen in the Sr n lines of several of the Miras, x Cyg, T Cep, R Hya, R Cen, and R Leo. However, the assumption of the 10 km s -1 expansion velocity for the CS envelope would be far more dangerous. The photospheric spectrum of Miras goes through substantial radial velocity variations during a cycle, while the overlying CS spectrum would be expected to be found at a constant velocity, invalidating the assumption of a 10 km s" 1 displacement between the photospheric line and the CS core. c) Circumstellar Dust The quantity of CS dust was estimated from the contrast in the 10 /un silicate emission feature as described by Hagen (1978) . An inner shell radius of 10 R* was assumed, based on the dust inner shell radius of 12 R* observed through infrared interferometry of a Ori by Sutton et al (1977) . The dust was assumed to follow a power-law distribution with radius; the power used was that derived by Hagen (1982) on the basis of 20-33 /mi photometry, with a value of 1.5 used for those stars for which the long-wavelength observations were not available. The dust temperature was calculated with the "dirty silicates" of Hagen (1982) . Again with the exception of a Her and VV Cep, no star with early giant H and K profiles showed CS dust. Derived optical depths are presented in Table 1 .
d) Wing Emission Lines
All of the stars observed, including those which lacked Ca n H-K core emission, showed one or more of the H-K wing emission lines in the broad Ca n absorption line wings. These were identified on the basis of wavelength coincidence with the stellar line list by Stencel (1977) and Rutten and Stencel (1980) . The most frequently found lines were near 3936 A, 3938 Â, and 3967 Â. Hê emission was noted in AH Sco, EV Car, VX Sgr, R Dor, and L 2 Pup. Its appearance may be associated with reduced chromospheric pressures (Ayres and Linsky 1975) , or with atmospheric shock waves, as in the Mira variables. The strong and phasevariable wing emission lines found in the Miras at 3938, 3945, and 3969 Â are probably due to collisionally excited Fe n (V3) formed in the atmospheric shocks of such stars.
A width-luminosity variation of the FWHM of the 3936 Â wing emission line was found by Stencel (1977) from a sample of 27 G, K, and M stars. This behavior is analogous to the Wilson-Bappu effect of the K core emission, but may have a slightly different dependency due to opacity effects. More importantly, the persistence of the wing emission features among stars which lack K core emission (due to heavy CS absorption or weak chromospheres) provides significant insights into the atmospheric structure of such objects, with implications for the mass loss process (Stencel 1978b; Hagen, Humphreys, and Stencel 1981) . They potentially also offer an additional method of assessing absolute magnitudes. The present photographic data imply a width-to-luminosity dependence, but calibration problems and the small range in absolute visual magnitude covered prevent conclusive parameterization. Very high dispersion observations with linear, photon-counting detectors will be required to precisely quantify the behavior.
The origin of the wing emission lines in highluminosity cool stars remains unresolved. Similar features are seen in the solar spectrum only near the limb (Canfield 1971) and are ascribed to singly ionized metals and rare earths. The solar, geometrically-thin chromosphere case has been modeled by Cram, Rutten, and Lites (1980) , who showed that deep photospheric pumping of the upper levels of Fe n (UV1), with subsequent cascade in Fe n (V3) leads to emission where the added opacity of the Ca n line wings is present. What are weak features in the solar case, seen in tangentially scattered light from the limb, become pronounced spectral features in red giants. This supports the idea of extended chromospheres being important among such stars, if the scattering analogy is valid. However, recombination after the passage of a shock wave through the atmosphere may also be responsible for emission in the 23938 line of Fe n (3).
The identification of the wing emission line at 23936 is less certain. Stencel (1977) suggests Fe i (362, 564) and Fe n (173). However, an emission line of Co i at 23935.97 is commonly seen in Mira variables. Although the entire Co i multiplet is seen in emission in Miras, the 23936 line shows somewhat different variation with phase than the other lines of the multiplet. Thus Co i may not be the only contributor to this emission line, yet despite considerable effort Willson (1976) could find no likely exciter for this line. Until the formation mechanism for the wing emission lines is better understood, they cannot be used as unambiguous chromospheric diagnostics.
IV. DISCUSSION a) The Gas-to-Dust Ratio The optical depth of CS gas at Sr n 24077 is plotted against the 10 gm optical depth in Log T (lOyU.) expected state of ionization, these quantities should be proportional to the total quantities of CS gas and dust, and no correlation is seen, although stars in which CS gas is below the threshold of detectability are generally the same ones in which no dust can be observed. As the sample contains stars of varying temperature and luminosity, the plot was redone for only Ml-3 lab stars, and no correlation was seen within this more uniform sample either. However, before any conclusions can be drawn from this lack of correlation, the errors involved must be examined critically.
The determination of the gas column density through the Sr ii line asymmetry is the part of this analysis most subject to random, as opposed to systematic, errors. There is a certain amount of subjectivity involved in the reflection of the blue half of the line profile on to the red half used to derive the CS equivalent width, and this determination must be done within the cores of strong photospheric absorption lines, where the signal-to-noise ratio will be relatively low. The determination of the column density of Cr i was done from two lines, and scatter between these determinations is indicative of the intrinsic random errors involved. The average of the standard deviations from the mean was 64 % ; which becomes 90 % when multiplied by y/2 to more accurately estimate the probable error for a determination of a single measurement in Sr n. The error bars drawn for Sr n in Figure 2 represent a factor of 2 and thus estimate only the random error inherent in the determining of the column density.
Errors may be particularly large for the h and x Persei supergiants, as these plates were among the weakest exposures obtained. Measured equivalent widths are large, so that a small change in equivalent widths leads to a large change in the derived column density (analogous to the flat part of the curve of growth). The large Sr n column density for HD 95950 is thus also susceptible to large error. However, all four stars did show strong CS components in the other lines examined.
The assumption of a constant expansion velocity of 10 km s _1 in all cases may also cause an error in the determination of the gas column density. As discussed previously, an overestimation of the expansion velocity will lead to an underestimation of the CS column density by roughly the same factor. Unfortunately the convolution of the CS P Cygni profile with the underlying photospheric absorption line renders an accurate determination of the expansion velocity impossible from these data. Another method for determining shell expansion velocities relies on measuring the width of thermal CS SiO or CO emission. Unfortunately, there is little overlap in the stars for which this technique can be used and the stars included in this sample, as the latter were selected to be bright enough to be observed in the blue at high dispersion and thus have relatively thin CS envelopes. Terminal expansion velocities have been measured from SiO of 11.7 km s -1 for RX Boo and 22.7 km s -1 for VX Sgr (Morris et al. 1979 ) and from CO of 7.8 km s" 1 for RX Boo and 15.3 km s" 1 for a Ori (Knapp et al 1982) . It should be noted that the CO velocity for a Ori is in agreement with the radial velocity of the outer shell seen by Bernat et al. (1979) and Goldberg et al. (1975) . This range indicates that a variation in expansion velocity could cause additional scatter in the Sr column densities comparable to that introduced by the random errors discussed above, in the sense that stars with low expansion velocities would appear to have high dust-to-gas ratios. However, one of the highest dust-to-gas ratios observed was for VX Sgr, with its relatively large expansion velocity. A large K4 absorption width is indicative of velocity gradients in the shell and/or large turbulence (Boesgaard and Hagen 1979) . However, if the CS absorption feature in the Sr n 24077 line is formed over a large velocity gradient, the sharpness of the CS core will be washed out and the column density underestimated. The observations presented here cannot rule out additional scatter in the derived gas column densities as a result of line formation over a velocity gradient. However, it is unlikely that the apparent variation in gas-to-dust ratio is a result of this effect. Theoretical models predict that once dust forms, it rapidly accelerates the gas to a terminal velocity. Thus the dustier stars would be less likely to show CS line formation over a velocity gradient; velocity gradients would be more likely to lead to an underestimation of the gas column density in stars with little dust.
Random measurement errors should be much less important in the determination of the relative contrast from star to star in the silicate feature. This would be accurate to a factor of 1.5 when converted to optical HAGEN, STENGEL, AND DICKINSON Vol. 274 depth at 10 /¿m if the grain composition is the same for all stars. However, the observed contrast is strongly dependent on the dust temperature, which depends on grain composition, specifically the grain absorption efficiency at wavelengths less than 5 /un. These absorption efficiencies are not directly measurable from the infrared observations, and an empirical procedure was thus used to estimate the short-wavelength absorption efficiencies needed to reproduce the large contrast without self-absorption seen in the silicate feature of PZ Gas. Details can be found in Hagen (1978) and Hagen (1982) . It is unlikely that the short-wavelength absorption efficiencies (and thus the dust temperature) are underestimated, as cooler dust could not increase the contrast seen in the 10 /mi feature without showing self-absorption. However, if the dust temperature is overestimated, the quantity of CS dust would be systematically underestimated. Should grain composition be the same from star to star, the determination of the relative amount of dust from star to star as plotted in Figure 2 would not be affected, although the absolute scale of the t(10 /mi) axis would be shifted. However, scatter could be introduced if some stars had more impurities incorporated into the grains. This would raise the grain temperature, increasing the contrast in the 10 /mi feature and causing the dust quantity to be overestimated relative to stars with "cleaner" silicates. Work on grain nucléation by Draine (1981) finds only a weak dependence of grain formation on the ambient gas temperature. The distance from the star is dominant, suggesting that grains could possibly form within a warm clumpy extended chromosphere. Draine finds that dirty silicates would be too hot to form close to the star where the density is high enough for nucléation to occur. He suggests that clean silicates nucleate near the star and pick up impurities further out in the expanding envelope. The dust-to-gas ratio would increase outward through the envelope (until all condensation was completed). In a Ori, clean silicates could form at 1.8 R*. However, the conditions for grain nucléation are more stringent than those for grain growth, and Draine predicts that in a region which permits grain nucléation, essentially all material which could condense onto grains actually will. Complete condensation is not observed for any of the program stars. Thus we argue that the CS envelopes are quite clumpy, and that grain formation may be essentially complete in the denser regions, with little or no grain formation in less dense regions. The inner shell radius of 12 R* derived from infrared interferometry (Sutton et al. 1977) would thus represent the radius at which condensation has significantly raised the dust-to-gas ratio. It is possible that the stars observed to be very dusty in fact have dirtier silicates. The density would need to be higher, either uniformly or in clumps, far enough from the star for the dirty silicates to form.
As the dust grains have a drift velocity relative to the gas, it is possible that the measurement of the dust column density could underestimate the amount of dust condensed relative to the CS gas, as the dust spends less time in the envelope. Kwok (1975) has constructed models for dust-driven mass loss and finds larger drift velocities for smaller fractional condensation, although drift velocity is also dependent on other parameters, such as stellar luminosity. Thus stars with intrinsically low dust-to-gas ratios could be observed to have even lower dust-to-gas ratios. Kwok also found that sputtering limited drift velocities to about 30 km s -1 . For a gas expansion velocity of 10 km s" 1 , the dust expansion velocity would be 40 km s _1 , and the error in the derived dust-to-gas ratio would be a factor of 4, still too small to explain the range of dust-to-gas ratio observed in this project.
The assumption of a constant inner shell radius from star to star will also affect the derived dust-to-gas ratio. The derivation of a gas optical depth from the line profile asymmetry is nearly independent of the inner shell radius. However, the dust optical depth derived from a given contrast in the silicate feature does depend on the inner shell radius. The effect is more pronounced for dustier stars and for more rapid density falloffs with radius. For a = 2 (density inversely proportional to radius squared), the contrast which would arise from i = 0.6 with inner shell radius 10 R* would arise from i = 2 for an inner shell radius of 2 #*. With the assumption that the gas and dust shells have the same inner radii, a decrease in the assumed inner shell radius will increase the derived dust-to-gas ratio. Thus if the variation in derived dust-to-gas ratio were due to stars with constant dust-to-gas ratios but varying inner shell radii, the stars with large derived dust-to-gas ratios would have to have large outer shell radii. However, the infrared interferometry of Sutton et al (1977) showed that whereas the majority of the dust radiating at 10 /¿m in a Ori must be further from the star than 12 R* for the Mira variable R Leo, the majority of the dust must be near or within 5 R*. Although the dust-to-gas ratio is less well determined for the Miras in this project, they definitely appear to be among the highest dust-to-gas stars observed. Using the 5 R* inner shell radius for R Leo would only increase the derived dust-to-gas ratio for Miras. It is likely, in fact, that the dustier stars would have smaller inner shell radii, as dust would form more easily in the higher densities closer to the star. Thus if the true value of inner shell radius for each star were known and could be used in the analysis, the observed variation in the gas-to-dust ratio would most likely increase.
Despite all the possibility for error inherent in the determination of the relative amounts of gas and dust, it seems extremely unlikely that these errors are responsible for the large variation in gas-to-dust ratio seen among the program stars. We therefore conclude that the gas-to-dust ratio in the CS envelopes of latetype stars is not constant from star to star. As concluded by Hagen (1978) , the observed variation in gas-to-dust ratio does not support radiation pressure on dust grains as the principal mechanism for mass loss from cool giants and supergiants. Recent calculations No. 1, 1983 COOL GIANTS AND SUPERGIANTS 293
including nucléation theory for grain-driven mass loss by Deguchi (1980) predict decreasing grain number density with increased mass loss rate. However, the observed contrast in the silicate feature is dependent on the total mass of dust. When the number density is multiplied by the cube of the grain radius in Deguchi's model predictions, a dust-to-gas ratio constant to within 13% is found over a range of a factor of 10 in mass loss rate and a factor of 40 in stellar luminosity. The observations presented here do not agree with this prediction of the grain-driven mass loss theory. It should, however, be noted that Deguchi's models do not apply to stars more massive than 1.5 M 0 or warmer than 2500 K. As the total quantity of CS gas and dust driven from the Sr n line assumes cosmic abundance of Sr, and the quantity of CS dust could be affected by the abundance of Si or O available for dust formation, any deviation in these abundances could affect the observed gas-to-dust ratio. An evolutionary enhancement of Sr from mixing of 5-process elements from the stellar interior to the surface, from where it would be accelerated into the CS envelope, could lead to an overestimate of the quantity of CS gas. A decrease in the O abundance from mixing of ON-processed material to the surface would inhibit the formation of silicate dust. These two effects could make an evolved star appear to have a higher gas-to-dust ratio. Boesgaard (1970) presents an abundance analysis of the Zr/Ti ratio in a number of M and S stars. The average enhancement of the Zr/Ti ratio over the solar value for S stars was a factor of 7, and for MS stars a factor of 1.9. The M supergiants showed enhancements from 0.75 to 2.6. Calculations of expected abundances of s-process elements by Cowley and Downs (1980) show that as the 5-process elements become more and more enhanced, the Zr abundance increases more rapidly than the Sr abundance. Thus, any overabundance in Sr due to mixing of s-processed material to the surface should be less than the observed Zr overabundance. Thus it appears unlikely that a change in the Sr abundance alone could be responsible, as none of the non-Mira program stars show MS-or S-type spectra.
A CNO abundance analysis for a sample of G and K giants and subgiants showed normal O abundances (Lambert and Ries 1981 ). However, Luck and Lambert (1981) have done a CNO abundance analysis of a sample of Cepheid variables and have found evidence for the mixing of ON-processed material to the surface. The total CNO abundance was approximately solar, but O depletions of as much of a factor of 6 relative to Fe were seen. No O abundance determinations are currently available for M supergiants although work is currently in progress for a Ori (D. L. Lambert 1982, private communication) , and in view of the varied O abundances seen for the Cepheids, the results are eagerly awaited. Jura and Morris (1981) have found evidence for carbon depletion in the circumstellar envelope of a Ori, and Bernat et al. (1977) found a low 12 C/ 13 C ratio, indicating that CNO-processed material has been mixed to the surface. It may thus be possible that some stars with low dust-to-gas ratios may in fact have low O abundances. The observed gas column densities may also be affected by condensation of Sr onto grains. Unfortunately, due to the low cosmic abundance of Sr, an accurate determination of the fractional depletion of interstellar Sr onto grains is not available. Herbig (1968) presents an upper limit of 3 mÂ for the equivalent width of Sr ii 24077 in the line of sight to ( Oph. Using Morton's (1974) value of 1.3 x 10 21 cm -2 for the hydrogen column density to ( Oph and cosmic abundance for Sr, Sr must be depleted by a factor of at least 30. Morton finds a depletion of a factor of from 25 to 80 for silicon; thus strontium appears to be at least as depleted as silicon. Morton finds Ca depleted by a factor of 5000; as Sr is below Ca in the periodic table, it is possible that they would show similar depletions. Therefore, Sr may in fact have a higher fractional condensation than Si. In order to examine the possibility that condensation of Sr could be affecting the observed variation in gas-to-dust ratio, the total H column density was calculated based on both the assumption of equal fractional condensation of Sr and Si and a Sr depletion of a factor of 100 over Si depletion. These total H column densities were plotted against t(10 ^m), and no better correlation was seen than in the t(10 ^m) versus r(Sr n 24077) plot shown in Figure 1 . However, these observations cannot rule out greater Sr depletion than Si depletion in stars with high observed dust-to-gas ratios. KK Per and VX Sgr (the two extreme cases) would have equal hydrogen/condensed silicon ratios if Sr were a factor of 260 more depleted (relative to Si depletion) in VX Sgr than in KK Per.
Previous work on CS envelopes (e.g., Deutsch 1956; Weymann 1962; Mullan 1982) has raised the possibility that the distribution of material in CS envelopes may not be uniform but contain clumpy regions of greater density. This increased density would increase recombination, enhancing the relative population of neutral to ionized elements, and at the same time favor the formation of dust. Thus stars with clumpier envelopes might be expected to show both a higher ratio of neutral elements to ionized elements while at the same time showing a high dust-to-gas ratio. Column densities were also derived for Cr i from the lines at 4254.35 and 4274.80 À in order to investigate the proportion of neutral to ionized CS gas. Figure 3 presents a plot of the ratio of neutral Cr to ionized Sr versus the ratio of r(Sr n 24077) to t(10 fim). It is seen that the stars with the highest dust-to-gas ratios are also those with the highest proportion of their CS gas in the neutral state. It should be noted, however, that errors in the derivation of the CS Sr n column density could cause an artificial correlation in Figure 3 ; an overestimate for Sr n would make the star appear to have both a low dust-to-gas ratio and a low neutral-to-ionized gas ratio, although the previously discussed possible errors make it unlikely that the HAGEN, STENGEL, AND DICKINSON Vol. 274
Log SrH 10/tm Fig. 3 .-The ratio of the column densities of Cr i to Sr n vs. the ratio of the optical depth at Sr n 4.4077 to that at 10 /mi. Stars with high dust-to-gas ratios are also seen to be those with more neutral Cr relative to ionized Sr. Symbols are as in Fig. 2 . entire plot could be explained this way. Several stars without detectable CS Sr n did show very weak asymmetry in Cr i. These stars, 45 Ari, EU Del, R Lyr, TW Peg, p Per, and R Dor, tend to be among the coolest or most luminous of the stars with no CS Sr n. Although as previously discussed, the variable photospheric radial velocity makes the determination of column densities particularly inaccurate in the Mira variables, some confidence may be placed in the ratio of Cr i to Sr n. The few Miras for which this could be done have Cr i/Sr n ratios comparable to the highest values observed for non-Mira program stars. As the Miras are also relatively dusty with weak circumstellar gas lines, they tend to suppoi t this correlation.
An increase in the amount of neutral CS gas relative to ionized CS gas could be due either to increased density, which would enhance recombination, or to a decreased stellar ultraviolet radiation field, which would inhibit photoionization. The current observations alone cannot distinguish between these two possibilities; in fact, both factors are probably involved. With the assumption of no dumpiness, the observed column densities can be used to derive the number density at the inner shell radius. These values (for stars with both gas and dust detected) ranged from 3 x 10 7 to 7 x 10 5 cm -3 , which are quite low for grain nucléation. An inner shell radius of 5 R* would increase these estimates by a factor of 2. Draine (1981) presents a formula for estimating the mass loss rate (and thereby the density) needed for grain nucléation. Only the largest mass loss rates derived here were high enough (and these were generally not for the dustier stars). Thus grain formation would be more likely within clumpy regions. Recent speckle interferometry (Beckers et al 1982) has in fact shown evidence for dumpiness in the Ha emission in the shell of a Ori. A highly inhomogeneous, extended chromosphere could provide the array of environments needed to produce the observed extremes of high-excitation SiO maser emission and He i 210830, as well as cool CS dust in the same object.
If dust were able to form only from available CS gas within the CS envelope, one might expect to see the quantity of CS dust correlate with the quantity of neutral CS gas. A plot of t(10 pm) versus the column density of CS Cr i is presented in Figure 4 , and a trend but no clear correlation is seen. Stars with strong CS Cr i generally also show CS dust, but it is possible for a star to have a considerable amount of CS dust without showing detectable CS Cr i. Apparently the dust-toneutral gas ratio also varies from star to star.
The fractional condensation of silicates can be estimated from the derived gas and dust column densities and the assumption of equal fractional condensation of Sr and Si. This estimation is subject to the possible systematic error discussed previously which is inherent in the determination of the dust column density. The relative degree of condensation from star to star is expected to be a more meaningful quantity. Due to this uncertainty, the fractional condensations are not presented in Table 1 . They range from a low of 1% for KK Per (with an upper limit of 3% for 119 Tau) to a high of 73% for VX Sgr (with a lower limit of 73% for BM Sco and 82% for TW Peg).
The fractional condensations were also calculated with 
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COOL GIANTS AND SUPERGIANTS 295 the assumption of a factor of 100 greater depletion of Sr than Si. The fraction of condensed Si for VX Sgr would then be 3% and for KK Per, 1%, with the fractions of condensed Sr 99.03% and 99.0001% respectively. It should be noted that the fractional condensation of Si indicated from Morton's (1974) interstellar medium depletions would be between 96% and 98.8 %. Morris et al. (1979) have derived minimum mass loss rates for several cool stars from observations of thermal SiO emission. Their mass loss rates would represent the total mass loss rate if all SiO were in molecular form, and fractional condensation can be estimated by dividing their mass loss rates by those determined by other methods. Using the mass loss rates derived here for the two overlap stars, fractional condensations of 49% and 62% are derived for VX Sgr and RX Boo, compared to 73% and 61% derived from the gas and dust data in this research. Considering the errors involved, this agreement seems almost fortuitous, but is nonetheless encouraging.
The variation of dust-to-gas ratio with spectral type and luminosity class is depicted in Figure 5 . As expected, cooler stars show larger dust-to-gas ratios. Among the supergiants of a given temperature class, stars of higher luminosity (and thus lower overall photospheric density) are seen to form a higher proportion of dust. Stars of luminosity class III do not follow this luminosity Spectral Type Fig. 5. -The dependence of dust-to-gas ratio on spectral type and luminosity. Open circles represent la and la-lab stars. Half-filled circles represent lab and lab-lb stars. Filled circles represent lb, Ib-II, and II stars. Crosses represent III stars and squares stars for which luminosity classification was not available. The dashed line represents the dividing line in gas-to-dust ratio below which no Ca n H and K emission is seen. dependence and have gas-to-dust ratios like those of the most luminous supergiants. The Miras (although the dust-to-gas ratios are less well-determined) are similar to the luminosity class III stars. The Cr i/Sr ii ratio shows a similar but less well defined dependence on temperature and luminosity. b) Emission Lines Work by Jennings and Dyck (1972) showed an anticorrelation between the presence of CS dust and Ca n H and K emission. This was interpreted by Jennings (1973) as due to the quenching of the chromospheric temperature rise by the dust grains. Jennings and Dyck also noted that Fe n emission had been seen only for the stars in their sample with H and K emission and without observed circumstellar dust. As the ionization potential of Fe i is 7.87 eV, they claimed that the lack of observed Fe n emission for the dusty stars without Ca H and K emission supported the quenching of the chromosphere. However, the Fe n emission survey by Boesgaard and Boesgaard (1976) discussed below shows that this was a selection effect due to the incomplete availability of Fe n emission data.
In Figure 2 , the stars with K line emission strength 0 are shown as open circles. As seen by Jennings and Dyck, dustier stars tend to show no Ca emission. However, it can be seen that no emission is seen for some stars which are considerably less dusty than some stars which show emission. What appears to be important is the dust-to-gas ratio, the degree of condensation of grains. This is further shown in Figure 3 , where the separation of the stars into two groups is even more apparent. (However, the peculiar supergiant BM Sco is not plotted in Fig. 3 as only upper limits are available for Sr n and Cr i.) With BM Sco (a dusty star with no detected CS gas, perhaps evolving rapidly blueward in the H-R diagram and surrounded by a fossil dust shell) providing the exception to the rule, it appears that the gas-to-dust ratio, rather than just the quantity of CS dust, is critically linked to the presence or absence of Ca H and K emission. The stars with the most complete condensation show no H and K emission. Within a given luminosity class, these are the cooler stars (see Fig. 5 ). There is no correlation seen, however, between the gas-to-dust ratio and intensity of emission for those stars which do show emission. Jennings (1973) showed that the presence of grains would be able to quench a chromospheric temperature rise, thus explaining the absence of H and K emission. The stars with no H and K emission and high dust-to-gas ratios may be those in which grains can condense close enough to the photosphere to quench the chromosphere, although as discussed below, shock waves may be important. Within a given luminosity class, these are the coolest stars.
The Mg ii h and k lines provide another indicator of chromospheric emission in cool stars. Photowrites available in the IUE archives of the program stars were checked for Mg ii emission. All stars which showed Ca n H and K emission also showed Mg n emission. W Hya and L 2 Pup showed no Mg n emission. HAGEN, STENGEL, AND DICKINSON Vol. 274
Two high-dispersion images of TV Gem showed no emission, while one high-and three low-dispersion images showed possible emission. Two stars without Ca il H and K emission showed Mg n emission, R Dor and Cep. It is probable that the Mg n emission in R Dor is Mira-like in nature; it shows an emission line of Fe i at 3852.57 Â which is believed to be excited by blueshifted Mg n emission in Miras (Merrill 1947) . Mg ii emission in extended chromospheres can be enhanced by a Bowen fluorescence with Lyman-/? emission (Bruhweiler, Morgan, and van der Hucht 1982) . As ¡i Cep has been known to show Balmer emission, Lyman emission and thus Mg n fluorescence are possible. The H-K wing emission lines, however, are seen in all the program stars, and appear to be insensitive to the disappearance of the H-K core emission even in the high dust-to-gas ratio stars. This implies that either chromospheric heating is occurring although masked in the cores of H and K, or that an alternate mechanism for exciting the wing emission lines, such as shocks, must be postulated. It is unlikely, however, that the K4 feature is masking chromospheric emission, unless strong damping wings are present outside the steep-sided core. The K2 emission widths predicted from the WilsonBappu calibration of Lutz (1970) and the absolute magnitude of -8.0 given for n Cep by Humphreys (1978) would be 3.29 Â, considerably broader than the K4 absorption width of 1.1 Â. Stencel (1977) gives an absolute magnitude of -6 for fi Cep; the K2 width prediction would be 2.42 Â, still over twice as broad as the observed K4 feature.
A survey of Fe n emission in cool giants and supergiants by Boesgaard and Boesgaard (1976) has shown it to be essentially ubiquitous in stars later than MO. Only one star with CS dust and no Ca n H and K emission, Cep, was included in their survey. It showed strong Fe n emission, contrary to Jennings and Dyck's (1972) claim that lack of observed Fe n emission in dusty stars supported the quenching of the chromospheric temperature rise. In fact, the Boesgaards found the Fe n emission intensity to be unrelated to the infrared excess in the 11 /un and 20 /¿m silicate features. However, they did find the Fe n emission to be correlated with two indicators of CS gas, the width of the CS K4 absorption and the degree of asymmetry in the Ha line. For the overlap stars between this project and that research, a correlation is seen between Fe n emission index and r(Sr n 24077) with the exception of the star tc Aur. This star shows strong Fe n emission but CS Sr ii was not detected, n Aur surprisingly showed the strongest Ha asymmetry of all stars for which observations were given by the Boesgaards, with a greater asymmetry than that seen for the supergiants a Sco and 119 Tau. No asymmetry is seen for tt Aur in Sr ii 24077, Cr ii 24254 or 4274, but Ca ii 24226 is definitely asymmetric. Boesgaard (1979) has measured the radial velocities of the Fe ii emission lines in a Ori and found that they follow the variable radial velocity of the photosphere. The CS gas detected in the strontium line, however, is within a shell detached from the photosphere which does not share its radial velocity variations (Weymann 1962). Boesgaard finds the Fe n emission to arise within 1.8 stellar radii, presumably in a warm chromosphere, well inside the 12 R* inner dust shell radius determined by Sutton et al. (1977) . Thus, although the Fe ii emission region is not coincident in space with the cool CS envelope, it must have some fundamental connection with the mass loss process responsible for the ejection of CS gas. However, it appears to be unrelated to the formation of CS dust, which is apparently more tied in with the lack of Ca n H and K emission. Jennings and Dyck (1972) noted that hydrogen Balmer emission had been reported for 50% of their dusty stars, and for none of the other stars included in their survey. They concluded that the conditions which give rise to Balmer emission are also favorable for the formation of dust. These results are supported by the current research, in that 69% of the high dust-to-gas ratio stars show or have shown H i emission, as reported in the literature or seen on the plates. The Mira variables, although not included in this number, are also dusty and show strong Balmer emission. Only one star, VV Cep, with a low dust-to-gas ratio (and chromospheric Ca n emission) shows H i emission. However, VV Cep is a close binary system known to have gas streaming and a Be shell surrounding the secondary; the H i emission is undoubtedly due to the binary nature of the object.
Hé emission believed to be of chromospheric origin has been reported for many M stars by Wilson (1957) ; see also Wilson (1982) . He saw Hé emission in no star without Ca ii H and K emission, and saw a trend for stars with stronger H and K emission to have stronger Hé emission. However, the Balmer emission seen in the high dust-to-gas ratio stars observed in this project is more likely produced by shock waves, as is believed to be the case for the Mira variables. The H i emission reported for // Cep by McLaughlin (1946) was strongest at maximum light, which is the same phase dependence seen for Miras. The Hé emission line in a Boo, although among the strongest observed by Wilson, is still a factor of 4 or 5 weaker than the continuum outside the H line wings (Griffin 1968) , whereas the strength of that seen for EV Car, AH Seo, VX Sgr, L 2 Pup, and R Dor is comparable to the continuum. In addition, the first four stars also show evidence for weak emission at H8 and H9 (tracings of this region were not made for L 2 Pup, but the strengths of its wing emission lines were comparable to those of the Miras). This was not seen for the other program stars, although the H8 emission for EV Car could only be called "probable," and the same level of possible emission at H8 (but not H9) was seen for 45 Ari, W Cyg, EU Del, and TW Peg. Of these four stars, only 45 Ari shows H and K emission. Among the stars showing Balmer emission, the H8 and H9 emission strengths did not necessarily correlate with the Hé emission strength. This is not surprising, as the Balmer decrement in Miras has long No. 1, 1983 COOL GIANTS AND SUPERGIANTS 297 been known to be unusual and phase-variable, presumably due to overlying absorption (cf. Merrill 1960) . R Dor also shows other emission lines typical of Miras, e.g., Fe i 23852.57. Thus most of the stars with high dust-to-gas ratios show evidence for shock waves in their atmospheres, which may be the link postulated by Jennings and Dyck (1972) between the H i emission and dust formation. Models for the outer atmospheres of Miras (Willson 1982) show two shocks in the atmosphere at any one time, a lower shock at about 1 R* which gives rise to the Balmer emission, and an upper shock (1.5-2.5 R*) which is the weakened remains of the lower shock from the previous cycle. This upper shock can still increase the density by a factor of 10 as it passes by , which could presumably enhance dust formation. The heating from the shock may not inhibit dust formation, as the previously cited work by Draine (1981) showed that the radiation field, rather than the kinetic temperature, is relevant to dust formation. The effect of the shock heating may not be to inhibit grain condensation but to heat the dust grains such that a greater contrast is seen in the silicate feature for a given quantity of dust, thus making the star appear even dustier. Dust formation in the upper shock is also consistent with the interferometric results of Sutton et al (1977) for the Mira variable R Leo, where the majority of radiating dust was seen to be near or within 5 R*.
Thus four types of emission with distinctly different behavior can be delineated in cool giants and supergiants :
1. Ca il H2 and K2 chromospheric emission. This is seen in all K and M stars except those with high CS dust-to-gas ratios.
2. Fe ii emission. This is seen in nearly all M giants and supergiants but not in K stars. It correlates with CS gas indicators but not with CS dust.
3. H i Balmer emission. This is seen only in stars with high dust-to-gas ratios, but is not reported for all dusty stars.
4. H and K Wing emission lines. These are seen in all program stars, both K and M. c) Mass Loss Rates Mass loss rates calculated for the program stars are presented in Table 1 . Details of the calculation are presented in Hagen (1978) . The total quantity of CS matter was estimated assuming cosmic abundances of Sr and Si and equal fractional condensations of Sr and Si. The assumption of cosmic abundances has been discussed previously. The assumption of equal fractional condensation was based upon the observation that the relative depletions of several elements were very similar over stars with a large range in gas-to-dust ratio (Hagen 1978) .
If a significant fraction of the CS strontium is condensed into grains, dustier stars would show weaker CS Sr ii. The depletion due to equal fractional condensation of Sr and Si is incorporated into the quoted mass loss rates. Sr does not form specific terrestrial silicates, but is seen to substitute in the crystal lattices of terrestrial silicates (Berry and Mason 1959) . Thus any Sr condensed into grains will probably act as an impurity, helping to raise grain temperature. However, the assumption of equal fractional condensation is consistent with the assumption (also used in this research) of uniform grain composition and therefore dust temperature from star to star. If a particular star has dirtier silicates, its mass loss rate will be overestimated with respect to that for a star with cleaner silicates, with the effect being more pronounced for dustier stars.
Further uncertainty could arise from the dust temperature calibration described previously, even assuming uniform grain composition. If the dust temperature was overestimated, thus underestimating the quantity of CS dust, the mass loss rate calculated will be underestimated, and the effect would also be more pronounced for dustier stars.
If strontium is not depleted onto grains at all, the correct value for the mass loss rate would be that calculated from the gas observations alone and will affect particularly the high dust-to-gas stars. For VX Sgr, the derived mass loss rate would be reduced by a factor of 3.7. For KK Per, the mass loss rate would only be reduced by 1 %. The mass loss rate for no Sr condensation can be derived for any star in Table 1 by dividing the given mass loss rate by the factor {1 + [23.0t(10 pm)/ r(Sr ii 24077)]}.
If Sr is more depleted than Si, the mass loss rates presented will be underestimated by the factor {[4.35i(Sr ii 24077)+ t(10 /im)]/[4.35T(Sr n 24077)/^ + t(10 pm)]}, where ß is the factor by which Sr depletion is greater than Si depletion. With ß = 100, for KK Per the mass loss rate would be increased by a factor of 99, and for VX Sgr by a factor of 28.
The inner shell radius enters linearly into the calculation of a mass loss rate from an observed column density. Error can enter both through the assumed 10 R* inner shell radius, and the values used for the stellar radii (1000 R ö for supergiants and 500 R 0 for giants). Observational determination of the inner shell radius is difficult and may be uncertain by as much as a factor of 10; see Castor (1981) for a review of the problem. The power a in the assumed power law density decrease with radius enters the derivation of the mass loss rate from an observed column density as the factor (a -1). Infrared photometry at wavelengths of 20 pm and longer is needed to observationally determine a (Hagen 1982) ; if a was derived in that research, that value was used here. A value of 1.5 was used for all other stars; if the true a were 2, the mass loss rates would be doubled. The upper limits for the early giants were thus computed for a = 2.
The observed mass loss rates presented in Table 1 may not be accurate to better than a factor of 10, although the relative accuracy from star to star should be somewhat better. However, our mass loss rates do HAGEN, STENGEL, AND DICKINSON Vol. 274 agree reasonably well with those determined by other investigators using independent means. Bernat (1982) presents a mass loss rate of 6.4 x 10" 6 M 0 yr -1 for a Sco derived from IUE data on CS lines seen in absorption against the hot continuum of the B star companion. Hjellming and Newell (1983) derive a mass loss rate of 5 x 10" 6 M 0 yr -1 for a Sco from radio continuum data. Our mass loss rate is 1.0 x 10" 6 M 0 yr -^ Knapp and Bowers (1983) present a 5 cr upper limit of 5 x 10~6 M 0 yr -1 for a Ori from their nondetection of H i with the VLA, whereas Jura and Morris (1981) derive 1.5 x 10" 5 M 0 yr" 1 from theoretical modeling in combination with CO and K i observations. We derive 3 x 10" 6 M 0 yr" 1 . Radio observations of CO by Knapp et al (1982) yield mass loss rates of 8.1 x 10" 7 M q yr" 1 for a Ori and 1.8 x 10" 6 for RX Boo; we derive 1.0 x 10" 7 for RX Boo. The strongest correlation of mass loss rate with any of the observed properties was with the width of the K4 absorption feature, as shown in Figure 6 . This was somewhat surprising, as the K4 width depends much more strongly on turbulence and velocity gradients than on Ca ii column density (Boesgaard and Hagen 1979) . Boesgaard and Hagen found that in the supergiants, the redward displacement from line center of the red edge of the sharp K4 profile indicates that turbulence is probably the dominant broadening mechanism for these stars. This does go along with the idea that increased turbulence would be able to raise more material to the region in which dust could begin to condense, thereafter at least partially driving mass loss.
The dependence of mass loss rate on spectral and luminosity class is shown in Figure 7 . A trend for higher mass loss rates to high luminosities and to cooler temperatures (within a given luminosity class) is seen; both trends were known previously. There is less clear-cut behavior than for the gas-to-dust ratio, which may be due to the larger errors involved in calculating the mass loss rates. However, the evolutionary tracks become quite complicated in this region of the H-R diagram, where any given position could result from different mass stars in different evolutionary phases.
Would the quantity of dust observed in these CS envelopes be able to drive the observed mass loss? An estimation can be made by taking the ratio of the inward force due to gravity on all material within a given unit volume to the outward force due to radiation pressure on the dust grains contained within the same volume. Assuming both gas and dust to have the same power-law dependence with radius, the ratio of the densities within any given volume element will be equal to the ratio of the total column densities. The force on an individual grain due to radiation pressure, F pr , can be written as F pr = La 2 Q pr /4cr 2 ), where L is the luminosity of the central star, a the grain radius, Q pr a flux-weighted mean radiation-pressure cross section, c the speed of light, and r the distance from the star (Gilman 1972) . To get the total radiation pressure force, F rad , one must multiply by the number of grains: A c (grains) = [T(A)]/[7ra 2 g(A)], with g(A) the grain absorption efficiency. The inward gravitational force F grav for this ratio can be calculated by simply multiplying the gravitational constant by the stellar mass, M*, and by iV c (total), the mass of gas and dust within the volume element considered, and dividing by r 2 . Upon doing the algebra one finds F rad /F grav = [t(10 /mi) (1974) . Using the Q (10 /mi) value used for this project (see Hagen 1978) and stellar parameters of 3000 K, 1000 R 0 , and 10 M 0 , the expression reduces to ^rad/^grav = [t(10 /rni)]/[1.47i;(10 /¿m) + 0.064T(Sr II A4077)]. For the star observed to have the lowest dust-to-gas ratio, KK Per, this ratio is only 0.007. For the highest dust-to-gas ratio star, VX Sgr, the ratio is only 0.49. Although the errors involved in the project could cause this ratio to be brought down from a number exceeding unity (especially the drift velocity error), the efficiency of the process would need to be nearly unity. This it appears unlikely that dust alone can drive the mass loss for any of the stars included in this project.
d) Molecular Masers One of the motives for the current research was to compare the CS gas and dust properties of stars to their molecular masing or lack thereof. However, no new correlations were seen; it has long been known that dustier stars tend to show more masing. OH maser emission was detected recently for the warm M supergiant TV Gem (Brown et al 1981; Bowers 1981) . Although the dust-to-gas ratio was not determined for this star (the Sr n line was underexposed), it is probably high as the star shows no H nor K emission. Thus although the star is warmer than most maser stars, it is dusty. In fact, to the best of our knowledge, no maser emission in OH, H 2 0, or SiO has been detected for any of our program stars with H and K emission (and thus low dust-to-gas ratios). However, seven of 11 of the high dust-to-gas ratio stars (those with no Ca emission) have shown molecular masing. The Miras are not included in those numbers; however, nearly all showed masers. The high dust-to-gas stars which have not shown masers are /i Cep (which does show Mg n emission), EV Car, HD 207076 and W Cyg; BU Gem shows no Ca n emission and thus probably has a high dust-to-gas ratio, and also has not been detected as a maser. Including TV Gem and BU Gem, eight of 13 of the non-Mira stars with no Ca emission showed masers. The same dividing line in dust-to-gas ratio which is important for the existence of chromospheric emission as opposed to Balmer emission is also important for the presence of masing. However, masing is not seen to be related to either the presence or lack of Balmer emission. As both are time-variable, it may be possible that all high dust-to-gas stars, if observed often enough, would eventually show both Balmer emission and masing. Dickinson and Dinger (1982) have noticed that the properties of the short-period semiregular variables, including RX Boo and L 2 Pup, are different from the Miras and longer period semiregular variables. In particular, the masers do not fit the period-expansion velocity correlation; their expansion velocities are greater than the stellar periods would indicate. However, the solution to this puzzle is not apparent from observations of the CS envelopes; RX Boo and L 2 Pup do not stand out in their CS properties.
The only type II OH source (1612 MHz emission stronger than 1665 and 1667 MHz) included among the stars in this project is VX Sgr. Generally type II sources are so dusty that the star is obscured in the visible and too faint for high-dispersion spectroscopy in the blue. VX Sgr has an atypical IR flux distribution compared to the rest of the stars in the sample, although BM Sco may be a milder case. The spectrum is flatter both shortward and longward of the silicate feature (see also Hagen 1982) , which may be due to the presence of additional grain species. This flatter IR distribution is consistent with other type II sources. Elitzur (1981) has proposed that a greater mass loss rate is the chief difference between the type I and type II OH sources. He presents a criterion for inversion of the 1612 MHz line based on mass loss rate, expansion velocity and distance from the star of the observed maser emission. Using the expansion velocity of 22.7 km s -1 derived by Morris et al (1979) and the VLBI results of Moran et al (cited in Elitzur 1981) which indicate that the maser spots are at 4.7 x 10 16 cm from the star, VX Sgr would need a mass loss rate of 10" 5 M 0 yr -1 to allow for 1612 MHz emission. We derived only 4 x 10" 7 M 0 yr -1 . Using Morris et a/.'s expansion velocity instead of 10 km s -1 would only bring this up to 9 x 10 -7 M 0 yr~ ^ The peculiar nature of the IR flux distribution makes the estimation of a dust column density (and the power a) more uncertain than for the other program stars, but the chief reason for the low derived mass loss rate in the weak CS Sr n line. This is not likely to be an error in the Sr n observations, as the other CS gas lines were also surprisingly weak in this star.
V. CONCLUSIONS
The principal conclusions of this research can be summarized as follows :
1. The total quantity of CS gas as derived from observations of the Sr n 24077 line does not correlate with the quantity of CS dust as derived from the contrast in the 10 /mi silicate feature. This observation is in contradiction to the prediction that dust-driven mass loss would result in a fairly constant gas-to-dust ratio. In addition, the observed quantity of dust does not appear to be sufficient to drive the observed mass loss. The dust-to-gas ratio is seen to be higher in cooler stars and stars of higher luminosity (with the exception that class III stars show high dust-to-gas ratios). The high dust-to-gas ratio stars also showed a greater proportion of neutral to ionized gas in their CS envelopes, which may be due to dumpiness in the envelopes. Densities derived for the inner regions of assumed spherically symmetric envelopes are lower than those believed to be necessary for grain formation, also indicating that grain formation probably occurs mainly in denser clumps.
2. The high dust-to-gas ratio stars are also those which show no Ca n H and K chromospheric emission. The majority of these also show Balmer emission analogous to that seen in Mira variables, indicating that shock waves may be important in dust formation. These high dust-to-gas ratio stars are the only ones which show molecular masing. The same dividing line in dust-to-gas ratio is important for Ca il H and K emission, Balmer emission (probably due to shock waves), and molecular masing.
3. Although the dust-to-gas ratio is seen to correlate with the proportion of neutral CS gas, no direct correlation between the quantities of neutral gas and CS dust is seen.
4. Emission lines were seen in the wings of the Ca il H and K lines for all program stars, irrespective of the presence or absence of H and K core emission.
5. Mass loss rates of less than 8 x 1CT 8 M 0 yr _1 were observed for the early giants, and from 2 x 10 -8
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to 6 x 10" 6 M 0 yr -1 for the supergiants and late giants. Mass loss rate is not seen to correlate significantly with any of the observable properties of the stars except the width of the K4 absorption feature, indicating that turbulence may be linked to the mass ejection mechanism.
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